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Abstract 
Many older existing steel bridges throughout North America and abroad have 
' 
reached an~ age when renovation or replacement is becoming necessary. Over the 
years these bridges have undergone a large number of cyclic loads making them 
highly vulnerable to fatigue failure. Presently, the fatigue life of riveted members is 
deter1i1ined using the category D fatigue strength curve which was developed for 
welded bridge details. This curve, however, underestimates the fatigue strength of 
riveted members and therefore their fatigue life. 
In this study, a fatigue strength curve was developed using data from tests on 
large scale riveted members. The factors contributing to the fatigue strength of 
riveted members were discussed and used to justify the need for developing a 
separate curve. A finite element model of a bottom flange coverplate containing a 
single rivet hole with an edge crack was then generated using 2-D plane stress 
elements and analyzed as a tensile specimen, with and without a frictional force, in 
order to examine the effect of friction on the stress concentration factors in the 
vicinity of the cracked rivet hole. This surface friction was idealized as a shearing 
stress, converted to concentrated loads and applied at each nodal point. Using 
linear elastic fracture mechanics, the effect of friction and initial crack length on the 
fatigue life of riveted members was examined and the results used to approximate a 
fatigue strength curve. 
The results of this study indicated that, based on experimental data, the 
fatigue strength curve for riveted members has a slope with a reciprocal of 4.6 and & 
in the high cycle region exceeds both category C and D fatigue strength curves. 
Friction is considered to be a major contributing factor to this increase in fatigue 
1 
' . " 
/' 
strength which was confirmed analytically with the finite element model and linear 
elastic fracture mechanics. The finite element analysis demonstrated that friction 
lowers the magnitude of the stress at the edge of a rivet hole and at the crack tip 
thereby decreasing the stress concentration in these critical locations and the 
potential for crack initiation or propagation. Incorporating frictional effects into the 
linear elastic fracture mechanics evaluation produced a fatigue life curve that 
coincided with the lower confidence limit of the developed fatigue strength curve . 
.. 
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Chapter 1 
Introduction 
1.1 Definition of Problem 
Over a period of more than 150 years, rivets had been the standard fasteners 
used in bridge construction throughout the world, making riveted bridges one of the 
oldest types of bridges still in use today. The first riveted bridges were made of cast 
iron which was popular for several decades until the 1840's when wrought iron, a 
more malleable and corrosion resistant metal started replacing cast iron. By 1860 
wrought iron became the principle construction material for riveted bridges and 
remained so through 1910. With the development of the Bessemer Process in 1848 
by William Kelly (U.S) and in 1855 by Henry Bessemer (England), large volumes of 
structural carbon steel could be produced at competitive prices. By 1890 steel 
became a primary structural material with mild steel replacing wought iron after 
1910. Subsequent processes such as the open hearth process plus a better 
understanding of the metallurgical aspect of steel, resulted in the development of 
the weldable and high strength steel used today [21]. 
With the advancements in steel, however, came the development of new 
connection methods and as a result a slow decline in rivet usage. High strength 
bolts and arc welding gradually replaced rivets, making them practically obsolete by 
the 1950's. Despite their obsolecence, there are thousands of riveted bridges still in 
use, not just in the United States but worldwide, particularly railroad bridges. 
Many have had to remain in service because of economic, political and/or historical 
reasons. Nevertheless, age is taking its toll on these structures and consequently, 
some of these bridges have been either upgraded in order to meet current 
specification requirements, rehabilitated __ .by having critical members replaced with 
'{ 
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modem steels, or subjected to lower service loads. There are other riveted bridges, 
however, that have had little or no modification done and have no load limitations 
imposed on them. In addition, many are carrying loads that exceed the design 
values due to today's increased traffic volumes and axle loads [7, 26]. 
A major concern among engineers today is the several millions of cyclic loads 
to which these bridges have been subjected over the years and as a result their high 
vulnerabililty to fatigue failure. The potential for such failure is growing as the age 
of these structures increase and more cyclic loads accumulate under a greater 
volume and intensity of live loads. Some bridges have already experienced problems 
with fatigue cracking especially in the connection regions of hangers, floorbeams and 
stringers and a few, although rare, have already had components fail due to fatigue 
and subsequent crack growth [15, 24, 27]. 
Consequently, it has become necessary to reevaluate our riveted bridges, 
estimate their remaining fatigue life and assess their components for possible 
fatigue failure so that appropriate and reasonable maintenance and inspection 
procedures can be developed, their service to the public maintained and the safety of 
these bridges ensured. 
At the present tim~the fatigue strength of highway and railroad bridges are 
evaluated according to the relevent specifications of the American Association of 
State Highway and Transportation Officials (AASHTO) [1] and the American 
Railway Engineers Association (AREA) [2] which rely upon fatigue strength curves 
that were developed in the 1970's for welded connections and details but are now 
used for both bolted and riveted joints as well. In the specifications, common 
" 
structural details are classified under a particular category: A, B, C, D, E (E') or F 
4 . 
which correspond to a specific fatigue strength curve (Stress Range vs. Number of 
Stress Cycles) representing the lower bound estimate of the fatigue strength of that 
detail (Figure 1-1) [13, 23]. Category A represents a detail with a relatively good 
fatigue resistance and E with a relatively poor one. 
Currently, riveted details are classified under category D with no distinction 
being made between joints, built-up members or splices. Since most of the available 
data on both small and full-scale riveted test specimens fell on or above this category 
D curve, this lower bound was determined to be appropriate for all riveted bridge 
details. 
A review of the data, however, shows that a majority is taken from tests on 
small specimens i.e. riveted steel butt splices rather than large or full-scale 
specimens which are more representative of existing structures. Since specimen 
geometry, straightness etc. has been observed to influence the results of fatigue 
tests, small specimens including those cut from their original members will exhibit a 
different fatigue behavior than their full-scale counterpart [7]. In addition, most of 
the small specimen tests were conducted under various testing conditions making 
data comparison difficult. 
More important, the majority of the tests themselves, including the more 
recent ones, were also conducted at high stress ranges (over 14 ksi) resulting in 
fatigue lives much lower than what most existing riveted bridges have already 
experienced. Tests were also usually terminated after two million cycles with only a 
few exceeding this value. This assumed life of two million is very small if one 
considers that a very low truck volume of 550 trucks per day over a 50-yr life 
corresponds to about 10 million stress cycles and that some bridges are even able to 
exceed 100 million cycles [22]. 
5 
In order to expand and enhance the collection of test results, efforts were 
made in both North America and Europe to acquire full-scale riveted members and 
have them tested. The major difficulty, however, is that riveting is now obsolete. 
Test specimens, then, can only be obtained when either_ a riveted bridge is put out of 
service or when riveted members are replaced [7]. Once a component becomes 
available, the proper equipment, facilities and funding are also required to be able to 
conduct the tests. It may, therefore, demand several years to produce a handful of 
data. 
Inspite of the lack of well representative data, all the available test results 
were consolidated and used to deterxiiine the most applicable detail fatigue strength 
category, namely category D. This result is shown in Figure 1-2. One may observe 
that under about two million cycles the data remain relatively close to the category 
D line and then significantly deviate from it as the number of cycles increase. In the 
high cycle region near the fatigue limits, the data actually lie closer to the category 
C curve making category D a very conservative lower limit for fatigue strength 
evaluation. 
Since most riveted bridges have already accumulated a substantial number of 
cycles, the above observation also becomes significant when determining the 
remaining fatigue life of a riveted bridge. Life estimates are calculated for 
individual structural details using one of several methods. In one procedure the 
following formula is used: 
Y= f Kx 106 -a 
Ta C(RsSr)3 (1.1) 
Ta is the estimated lifetime average daily truck volume, C is the cycles per 
6 
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truck passage, a is the age of the bridge in years, and R1 Sr is the factored stress 
range for a particular detail. K is a constant which is dependent on the particular 
SN curve under which the detail being evaluated is classified and is related to the 
intercept of this curve at N(no. of load cycles ) equals two million. f is a factor that 
accounts for the difference between the mean and allowable or lower bound SN 
curve and is a function of the slope of the curve.· . - ' 
Two different life estimates may be defined from the above relationship, the 
remaining mean life and the remaining safe life [22]. The former is the estimate of 
the actual remaining life with a 50 percent probability that it will exceed the 
remaining mean life. The safe life provides a much higher degree of safety which is 
achieved by applying the lower stress range instead of the mean life value. Due to 
the reliance on the fatigue curves, both life estimates will be affected by the 
configuration of the curves. 
An estimate of the remaining fatigue life of a riveted bridge with an 
appropriate fatigue strength curve has several important applications. It can be 
helpful in selecting appropriate inspection intervals, in allocating inspection efforts, 
in making cost-effective decisions regarding maintenance, repair, rehabilitation and 
replacement of bridges, in assessing pern1it-vehicle passage or in setting legislative 
policies such as permissible truck weights [22]. The influence of the remaining life 
in making rehabilitation recommendations has recently become a major concern. ., 
Because riveted details are presently classified under category D, the replacement of 
rivets with high strength bolts (category B) is being considered as a method to 
increase the /fatigue strength of riveted joints and members. The justification for 
this action, however, is questionable, particularly if one considers the possibility of 
damage to bridge joints and members during removal of rivets. In order to 
7 
deteru1ine more cost-effective alternatives or to challenge the necessity of this type 
of rehabilitation method, the applicability of the category D curve as a lower bound 
for riveted members needs to be reevaluated. 
1.2 Objectives of Study 
The fatigue strength curves developed for welded details in the 1970's are 
presently the only curves available to determine the fatigue strength of the various 
details commonly used in bridge design and evaluation today. Since it became 
necessary to evaluate riveted structures regarding fatigue, the curves for welded 
details are used to classify riveted details. The selected category D, however, 
underestimates the fatigue strength of riveted components particularly in the low 
stress high cycle region of the curve. The fatigue life of riveted bridges are then also 
underestimated. Recent analytical and experimental studies have shown that the 
fatigue behavior of riveted and welded details are significantly different from each 
other and that no single fatigue curve in the present provisions adequately 
represents the behavior of riveted members in the high cycle range [27, 30]. 
Considering the above, the objectives of this study are therefore the following: 
1. To discuss the reasons for developing a fatigue curve for riveted bridge 
members and to use these reasons to justify the need for such a curve. 
2. To develop a fatigue curve exclusively for riveted members which 
would more accurately reflect their fatigue strength and provide better · 
estimates of the fatigue life of riveted bridges than would the existing 
curves; 
3. To explore the effect of frictional resistance on the stresses at a rivet 
hole and the crack tip in built-up riveted members utilizing finite 
elements, and; 
8 
4. To substantiate the proposed fatigue curve ·using a fracture mechanics 
approach and taking the effect of friction into account. 
1.3 Scope of Investigation 
In order to accomplish the objectives, the study is divided into four sections, 
each addressed by a separate chapter. The individual chapters are as follows. 
In Chapter 2 several factors are mentioned that illustrate why a fatigue curve 
for riveted members is being developed. Three characteristics of riveted members 
are emphasized and used to justify the need for a fatigue curve for riveted members. 
Chapter 3 provides a brief historical overview of research on fatigue of riveted 
joints and members, gives a detailed description of the tests and data used in the 
generation of the proposed fatigue curve, explains the development of the proposed 
curve and compares the new curve to category C and D fatigue strength. 
Chapter 4 describes the finite element model that was generated for this 
study, explains the loadings and how the friction force was idealized and provides a 
comprehensive analysis of the resulting stress values and calculated stress 
concentration factors. 
In Chapter 5 an estimated fatigue strength curve for riveted members is 
developed through the use of linear elastic fracture mechanics. The effects of 
friction and initial crack length are investigated and used to explain the correlation 
between the estimated fatigue strength curve and the curve developed from 
experimental data. 
9 
/ 
,/ 
Some concluding remarks and recommendations are made at the end of the 
report. 
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Chapter 2 
Factors Contributing to the Fatigue 
Strength 
of Riveted Members 
2.1 Initial Considerations 
Within the past decade, there has been a significant realization among bridge 
engineers about the importance of fatigue and the role it plays in the life of a 
structure. With respect to riveted bridges, most of which are more than three 
quarters of a century old, this realization has become a major concern and has 
prompted an interest in the fatigue behavior of these structures, their fatigue 
strength and their remaining fatigue life. 
Recently, most of the attention has been focused on fatigue life and agreeably 
so. The large number of cycles that riveted bridges have already undergone has 
made it imperative that the appropriate remajning fatigue life of these structures be 
determined, i.e. the number of load cycles the structure can still sustain before 
severe member failure. Category D in the AASHTO and AREA specifications is 
currently being used for this evaluation along with other information such as the 
traffic record, vehicular loads and stress history information [22]. Because the 
category D fatigti.e strength curve is overly conservative for riveted structures, major 
but maybe unnecessary rehabilitation projects such as the replacement of rivets 
with high strength bolts are being considered, in order to increase the fatigue life of 
riveted bridges. 
Faced with such a situation, it is both important and appropriate to stop and 
consider the basis of our evaluation process which assumes that the category D 
curve is suitable for riveted structures. 
· 11 · 
( 
Tests conducted within 
/ I 
the past ten years on full-scale riveted 
, 
members [23, 30, 3, 10, 11] have indicated that there are three major characteristics 
that contribute to their fatigue strength: 
1. Redundancy; 
2. Clamping forces/ Frictional forces, and; 
3. Slow crack growth behavior. 
All three characteristics are not inherent in welded details and so their role in 
the fatigue life of a riveted member is important to consider. Each factor is 
described briefly below. 
2.2 Redundancy 
Redundancy in riveted members, particularly built-up members, refers to the 
ability to redistribute the load from a cracked element without adversely affecting 
the cyclic load carrying ability in the short term [30]. This behavior has been noted 
only in several recent studies where fatigue tests of full-scale riveted members were 
conducted. Observations showed that after a crack developed in one of the riveted 
elements, u~ually a tension flange angle or coverplate of a beam, cracks form only 
very slowly in the neighboring elements in the cross-section, i.e., the other flange 
angle or angles and the web plate [23]. Since none of the cracks can propagate 
directly into adjacent components, cracking in the other components can only occur 
- r 
as a new development resulting from an increase in local stresses due to a load 
redistribution succeeding the cracking of an element. Another observation indicated 
that there was a considerable life between first observed cracking and failure of an 
angle as well as fracture of a cross-section [23]. Even after complete fracture of one 
of the components in a built-up section, the member could still sustain a significant 
number of additional load cycles at stress levels exceeding 9 ksi (63 MPA)on the 
cro·ss section before exhausting its load carrying capacity [30]. In tests conducted by 
12 
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Out et al. (23] on severely corroded members, between one half to one million 
additional cycles were observed. Wang et al (30] also noted that only when 50% of 
the tension area was cracked did failure actually occur beyond category C. 
Fatigue cracking in riveted members is therefore not as serious as in welded 
built-up members and so the cracks that do develop would most likely be detected 
before the member's load carrying capacity was exhausted [30]. 
2.3 Clamping Forces/ Frictional Forces 
The clamping force is a unique characteristic of riveted members. For hot-
driven rivets, it can be described as the tension developed in the rivet due to thermal 
contraction as the rivet cools. The force clamps the faying parts together and 
opposes their relative motion under load. This result is also obtained with cold-
driven rivets [11]. Unfortunately, the clamping force tends to vary from rivet to 
rivet and joint to joint throughout the service life of a structure making the actual 
magnitude of the clamping force unknown. For this reason the variation is believed 
to be responsible for the scatter in the different test data of riveted components. In 
studies where the clamping force was delilberately varied, the fatigue life decreased 
as the clamping force decreased, suggesting that specimens with lower rivet tension 
forces exhibit lower fatigue lives [3]. These test results illustrate both the 
uncertainty and the significance associated with the clamping force and is one 
reason for conservatively using the category D curve as the lower bound fatigue 
strength of riveted components. The experiments also indicate that the clamping 
forces, although lower than their original values, are still significant enough to play 
a major role in the fatigue life of a riveted member. Unless a rivet is loose, some 
clamping force will always be present and therefore should not be considered a 
minor factor. Rivet tension stresses as high as -13.4 ksi (92.5 MPa) for a 40 year old 
bridge member have been recorded [11]. 
13 
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The redundant behavior as described previously has also been attributed to 
the clamping force. The frictional bond that is developed between the faying 
surfaces of two elements, as a result of the clamping force and not bearing of the 
rivets against the connecting materials, is responsible for transferring the load from 
the cracked to the uncracked components. Furthermore, corrosion and paint 
between components can contribute to this frictional resistance [23, 30]. The 
clamping force also creates favorable local compressive forces which can help reduce 
crack growth rates by minjmizing the crack openjng at the rivet holes where cracks 
predominantly initiate [3, 23]. 
The existence and significance of the clamping force and the frictional 
resistance in riveted built-up members and joints has been known for many 
years [10]. They play an important_role in the fatigue life of riveted members and so 
their influence needs to be addressed. 
2.4 Slow Crack Growth Behavior 
Cracks that develop in riveted members due to fatigue loading can be detected 
relatively easily due to their tolerance to crack growth. Generally, cracks develop at 
the edge of a rivet hole and propagate toward the edge of the flange angle leg before 
growing toward the heel of the angle. Cracks develop slowly in adjacent components 
only when the crack has grown substantially. It is not possible to develop rapid 
fracture from small fatigue cracks and as a result, a significant number of load 
cycles exists between first cracking and failure of the section [30]. For cracks of 
intermediate lengths, friction between the web plate and flange angle, for example, 
reduced the growth rate of the crack [23]. Even at reduced temperatures, it was 
observed that crack instability in a component would not occur until the crack has 
developed into a large one. Neither the static strength nor fracture resistance of a 
~ '\ M 
riveted member is significantly affected by intermediate length cracks [30]. 
14 
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An analytical study conducted to evaluate the fatigue strength of riveted trues 
members and joints indicated that crack growth characteristics should be considered 
in the fatigue life evaluation [27]. It was determined that if the crack growth 
behavior of riveted members was ass11med to be similar to welded members, then .. 
the existing specifications may be used conservatively to estimate the crack growth 
life. A comparison between the results made using this assumption and the results 
of actual fatigue tests, however, showed that crack growth in riveted members is 
slower than in welded members (27, 23]. Taking all these observations into account, 
it was recommended that category C be used to represent the fatigue strength of 
riveted members instead of category D and that the latter be used only for crack 
initiation [30]. 
It is therefore apparent that if the crack growth behavior is taken into 
consideration, the fatigue life of riveted members will be influenced. There is a 
noticeable difference, however, between the crack growth behavior of riveted and 
welded members and it should be accounted for. 
In view of the above, it is apparent that a fatigue strength curve developed 
using data derived merely from tests on riveted members, would automatically take 
their prevalent characteristics into account and produce a more accurate and 
reliable fatigue curve. 
15 
Chapters 
Development of Fatigue Strength Curve 
3.1 General Backgro11nd of Existing Fatigue Data 
" 
Fatigue research into riveted joints and components has been done in both 
\ 
North America and abroad since the 1930's. Initially, the focus of the tests was on 
the general fatigue behavior of riveted joints and the effects of various parameters 
on their fatigue life. Parameters such as the rivet-hole size, the specime~ tensile 
strength, the tensile to shear stress ratio, the roughness of the specimen surface, the 
roughness of the faying surfaces, the clamping force in the rivet and the resulting 
frictional resistance plus the bearing pressure were investigated. Comparisons 
between the fatigue behavior of plates with holes, solid bars and riveted joints and 
studies into the load distribution among rivets in a connection were also made. In 
most cases, the tests were conducted with small specimens. In 1938 major tests 
were performed in connection with the construction of the Oakland Bay Bridge. 
These tests were very extensive and examined the effects of steel type, specimen 
geometry, connection type and other variables under both static and fatigue 
loading [10]. 
In the mid 1930's, the focus of some of the research shifted toward the fatigue 
behavior of welded details and how their performance compared with their riveted 
counterparts [10]. Tests were conducted to investigate the idea of reinforcing 
riveted connections with welds to determine whether or not their combined use 
would increase the fatigue life of riveted joints [20]. The fatigue cracking of riveted 
and welded seams were studied as well [17]. As a result of this plus other welding-
related research, the American Welding Society (AWS) developed a set of bridge 
specitications exclusively for welded structures which during the 40's was adopted 
16 
by both AREA and AASHO making welding a viable alternate connection 
method [13]. 
After 1938 engineers also became greatly interested in the structural 
application of high-strength bolts. Until then, they were commonly used in 
structures only as temporary fasteners during steel erection, after which the bolts 
were replaced with rivets. The usage of high strength bolts as permanent fasteners, 
however, required more inforn1ation on the properties and behavior of bolted joints. 
Through the 40's and 50's, studies were conducted on the comparitive behavior of 
bolted and riveted joints subjected to both static and fatigue loads [ 4]. Under the 
sponsorship of the Research Council on Riveted and Bolted Structural Joints, AREA, ("-
and other organizations, investigations were made on the effects of bearing pressure, 
grip length and clamping forces [8]. For riveted joints, the influence of various rivet 
patterns and the effect of eccentric bearing of a rivet were aJso examined [5]. In 
1951 and 1952 material and assembly specifications were adopted for high-strength 
bolts respectively in order to increase their availability and promote their structural 
use [28]. 
By the end of the 1950's, riveting had become essentially obsolete and only a 
few riveted bridges were built thereafter. AB a result little rivet-related research 
was conducted in the 1960's. Welding and bolting had become the major connection 
methods and so the research emphasis turned to these fastening techniques. Not 
until the mid 1970's did research resume on riveted joints. By this time many of the 
riveted bridges still in service had reached an age where they were vulnerable to 
fatigue failure. Fatigue tests were then initiated on large-scale riveted connections 
and members rather than the previously used small-scale specimens so that more 
representative results could be obtained [26]. The focus in the 1980's has been on 
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~ built-up and coverplate reinforced members, the fracture properties of riveted 
wrought-iron components and the fatigue crack growth behavior of riveted members. 
In most tests, cracks were monitored and crack measurements taken, a procedure 
uncommon in past studies (3, 23, 25, 30, 7, 9]. 
In 1984 a literature survey was made in the United States by Out, Fisher and 
Yen (23] to compile and examine all available fatigue test data on riveted 
components. A similar survey was conducted in 1986 in Europe by the Office for 
Research and Experiments of the International Union of Railways (ORE). The 
accumulated inforn1ation was taken from tests conducted between 1934 and 1983 
and stored in a database created by Out et al. that is now periodically updated as 
new research results become available. Presently, there are approximately 1200 
recorded and stored test results. To each result is assigned an alphanumeric 
abbreviation which identifies the researcher(s) and the date of publication. This is 
• 
followed by information regarding the parameters that were determined to influence 
by varying degrees the fatigue strength of the tested component. These parameters 
include the stress range, number of cycles at failure or initial cracking, material 
type and properties, method of hole preparation, type of connection (i.e. splice, joint, 
built-up member), etc. The factor considered to have the main influence is the stress 
range, which in the fatigue tests is generally defined with respect to the net section. 
In addition, crack appearance is usually taken as the fatigue life of a 
component [7, 30]. The format of the database is illustrated in Appendix A. Since 
1984, Wang has updated the database which currently stores factual information 
through 1989 [30]. 
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3.2 Review of Data 
For the development of the fatigue curve for riveted members, the stored data 
was sorted and only those from tests on full-scale members were selected. This 
group of information was considered to be the most representative of existing riveted 
bridges. A series of tests by Reemsnyder on riveted connections was also included, 
because it is one of the few large-scale fatigue tests to be conducted. Altogether, the 
results from nine studies were utilized. Each study is listed below in chronological 
order along with a description of the test objectives, the test in general, the specimen 
geometry and the specimen failure behavior. Two parameters, the stress range and 
the number of cycles to net section failure or crack initiation were recorded for each 
test and are used to develop the new SN curve. 
Graf, 1937: 
The objective of the fatigue experiments conducted by Graf [16, 10] was to 
investigate the fatigue life of riveted and welded connections and details. Thirty I30 
girders were tested, each loaded under 4-point bending. The riveted test specimens 
are illustrated in Figure 3-1. In the constant moment region of three of the girders, 
380 mm long coverplates were riveted on both the top and bottom flanges. The same 
was done on one other girder but only in the shear spans. All four had riveted 
stiffener angles (60 x 60x 10 mm) under the points of load application and at the 
supports. A similar set-up was followed for the welded cases but 26 beams were 
tested and plates were used as stiffeners instead of angles. 
For the riveted girders, the stress ranges were between 20 and 29 ksi (137 and 
200 MPA) Cracking was observed to initiate at the outermost row of rivet holes 
nearest to the applied loads. Because of the high stress ranges, only the number of 
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cycles to rirst detectable cracking were recorded and so these are used in the 
generation of the new fatigue curve. 
ReeDJ.snyder,1975: 
The study undertaken by Reemsnyder [26] examined the effectiveness of 
replacing rivets in critical locations with high strength bolts as a repair or 
rehabilitation method for riveted structures in order to extend their fatigue life. For 
the study, sixteen tests were conducted on full-scale models of a deck truss top chord 
to panel point connection of an ore bridge built in 1917 and still in service at the 
time of the tests. Fourteen were tested under constant-amplitude load cycles and 
the other two under variable loading. Two additional constant-amplitude fatigue 
tests were made on identical connections taken from service and the data compared 
to that obtained from the models. The specimens were divided into two groups. One 
set was cyclically loaded to failure while the other was cyclically loaded until fatigue 
cracking was detected. Rivets in all critical locations were then replaced with high 
strength bolts and the specimens then cycled to failure. Crack appearance beyond 
the rivet was monitored and crack lengths measurements taken. The test stress 
, 
ranges were 22.7 ksi (157 MPA) and 18.1 ksi (125 MPA). 
The specimens themselves consisted of the connection end of top chord EG and 
the splice and gusset plates of panel point G (Figure 3-2). The chord cross section 
was composed of two channels back to back, C15x33.9, a coverplate and lacing bars. 
All specimens are of A36 steel. 
It was observed that fatigue cracks initiated at the edge of a rivet hole and 
propagated away from the hole as through-thickness cracks. The critical region was 
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the end gage line of rivets at either A or B (Figure 3-2) in the channel web. Cracks 
were first detected here, and under continued cyclic loading, cracks developed in the 
second line of rivets. For the nonrehabilitated specimens the tests were terminated 
·, 
when cracks had grown from rivet A to complete fracture of one of the channel 
flanges on the lattice side. For the rehabilitated specimens, the tests were stopped 
when a crack appeared at either A or B. Rivet replacement and recycling then 
followed. S and N values corresponding to channel fracture for the nonretrofitted 
case and first crack appearance for the retrofitted case were used in the 
development of the new fatigue curve. 
Kulak and Baker, 1982 : 
The objectives of the experimental program undertaken by Baker and 
Kulak [3] were to dete1·n1ine the fatigue strength of several riveted bridge members 
taken from service, the fatigue strength of material containing unfilled holes which 
would represent rivets with zero clamping force or new work with misplaced holes, 
plus the effect of filling misplaced holes with high-strength bolts. To accomplish 
these objectives, ten tests were conducted, four of which were done on riveted 
members taken from a 70 year old highway bridge that was being replaced. These 
four specimens were tested until net section failure occured, at which time the 
fractured section was removed, the ends prepared once again for insertion into the 
test fixtures and the testing was then resumed until a second failure occured. 
The riveted bridge members used in the tests co~sisted of two pairs of angles, 
either 3" x 5" x 3/8" or 3 1/2" x 6" x 3/8" with the short legs parallel to the lacing bars 
passing between them forming an I-shaped section. A typical member was between 
i 
9.8 and 11.5 ft long and is shown in Figure 3-3. Because of the size of the members, 
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only a portion of a member was actually tested. Figure 3-4 shows the geometry of 
the test specimen. Each specimen was cyclically loaded in axial tension at a net 
section stress range of 24 ksi (166 MPA) or 27.2 ksi (188 MPA). 
Fatigue cracks developed in the net section at the rivet hole for all but one of 
the specimens and propagated toward the toe of the angle leg that contained the 
rivet. Cracking also occured on the opposite side of the rivet hole and progressed 
toward the angle corner. The one exception was a failure at a flaw on the edge of the 
angle leg and was therefore excluded from the results. All tests were stopped when 
one of the two angles fractured and split into two pieces. The S and N values 
corresponding to this state were used in generating the new curve. 
Out, Fisher and Yen, 1984: 
Out, Fisher and Yen [23] conducted fatigue tests on six riveted built-up 
stringers taken from a dismantled truss railroad bridge built in 1903 in order to 
determine the fatigue behavior of deteriorated members and to develop fatigue life 
data for the high cycle region of the SN curve. All six stringers were tested under 
cyclic loading until fatigue cracks were observed. The specimens were then spliced 
and load~d again to induce cracking at other sections. For two of the stringers, 
reduced temperature tests were also conducted in order to determine the behavior of 
a fatigue cracked section at low temperatures. 
The specimens themselves were built-up I-beams with a web plate and four 
angles all composed of medium steel, an early alloy steel. The stringer geometry is 
shown in Figure 3-5. Significant corrosion was present along the compression flange 
where the cross ties rested upon the stringers and on the tension flange at the cross-
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frame to web connection. All stringers were tested in a 4-point bending set-up under 
constant cycle stress ranges between 7 and 10 ksi (48 to 69 MPA) at a frequency of 
520 cycles/min. 
Fatigue cracking usually occured first at the corroded sections where notches 
and preexisting cracks were eminent. After retrofitting the section, cracks appeared 
at the rivet holes nor~to the applied load and then propagated in the same 
manner as observed in previous tests. Only the data which pertained to failure of 
the section and which were not affected b·y- cracking of the corroded sections or other 
adjacent sections were utilized in the development of the fatigue curve. None of the 
reduced temperature results were used. 
Rabemanantsoa and Hirt, 1984: 
Four beams each over 50 years old were fatigue tested by Rabemanantsoa and 
Hirt [25] in order to supplement the existing data on full-scale riveted members. All 
four beams were rolled steel sections with a riveted tension flange reinforcement 
plate which was cut on two of the girders in order to simulate a riveted cover plate 
termination. The other two had angle sections welded to the coverplate near the 
loading points. Figure 3-6 shows the cross-section of the test specimens and their 
dimensions. Tests were conducted under 4-point bending with the stress range 
varying between 10.3 ksi (71.4 MPA) and 13.2 ksi (90.9). In two beams, cracks 
developed in the net section of the flanges of the rolled section. Three had cracks in 
the net section of the coverplate and only one had a crack in the gross section of the 
coverplate near a rivet head. All cracks were measured and examined to identify 
the cause of fracture. For the new SN curve only the measured net-section stress 
range values for the non welded details and their corresponding load cycles were 
utilized. 
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Wang, Fisher and Yen, 1987: 
Wang, Fisher and Yen (30] carried out a number of fatigue tests that provided 
more full-scale test data in the 12 to 18 ksi (83 to 124 MPA) stress range. The test 
girders were obtained from three different sources; 8 from the Sante Fe railroad and 
6 others from two highway bridges. Figure 3-7 shows the elevation view and 
geometry of the test girders. All the beams were in generally good condition except 
for four of the highway bridge girders which were severely corroded. For the tests, 
the coverplates of the beams were cut in the shear spans to simulate coverplate 
terminations so that their behavior could be evaluated. In addition, the highway 
.. 
bridge girders had very deep sections and in order to be able to test them better 
several were cut longitudinally and refabricated with a new compression flange that 
was fillet-welded to the web plate. 
The girders were tested under 4-point bending and constant amplitude loading 
cycles with 7 of the 14 girders subjected to reduced temperatures. For all the girders 
without severe corrosion loss, cracks developed at a rivet hole in the net section. 
The more heavily corroded girders cracked in the gross section in a severely corroded 
region. Three primary cracking conditions were observed: one, cracks at rivet holes 
in web-flange angle connections with continuous coverplates; two, cracks at 
coverplate terminations, and; three, cracks at corrosion notched sections. Eight of 
------1 
the test girders developed "cracks corresponding to condition 1 with other cracks 
forming simultaneously in the continuous coverplate. Stable fatigue crack extension 
':, 
and high crack growth rates due to the high stress ranges were also observed and as 
a result the maximum number of additional cycles after initial cracking was only 
400,000. Condition 2 was observed on four of the test girders although seven had 
coverplate terminations. The net section stress range at the termination points and 
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in the constant moment region with cover plates was about the same, making the 
fatigue resistance of the details in both regions not significantly different. Three 
girders developed fatigue cracks corresponding to condition 3. As a result, fatigue 
cracks formed nearly simultaneously in all the member components. The data used 
in the development of the fatigue curve pertained to the failure state i.e. 80 to 100% 
loss of net section and includes reduced temperature effects. 
Bruhwiler, Smith and Hirt, 1988: 
Bruhwiler, Smith and Hirt [7] carried out fatigue tests on three types of full-
scale riveted bridge girders in order to study the fatigue strength of riveted members 
and the fracture properties of wrought-iron bridge components. The first girder type 
tested was a riveted mild steel girder with a depth of 1 meter and a top flange 
coverplate which was considered as a bottom flange coverplate during testing. Four 
such beams were tested, all of which had been part of a stock of girders to be used 
for temporary bridges and therefore were never loaded. The second series of tests 
was of six built-up I-shaped wrought-iron girders taken from a bridge built in 1884. 
Four had areas with severe corrosion damage and two with only mild corrosion. 
Throughout the life of the bridge, these girders were subjected to relatively low 
fatigue stresses, approximately 2 ksi after construction and about 4 ksi when the 
bridge was dismantled. The third set of test specimens was a group of wrought-iron 
lattice girders which came from a bridge built in 1891. Three were tested, each 
being only slightly corroded. The maximum service stress in these members when 
the bridge was replaced was three times their construction stress of 3.5 ksi. Figure 
3-8 shows the profiles and cross-sections of the three kinds of girders tested. 
All riveted girders were loaded under _ 4-point bending and subjected to 
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constant-amplitude load cycles at a frequency of either 4 or 9 Hz. The applied loads 
were kept initially low and then increased if no cracks could be detected after 6 to 20 
million cycles. At each increase in load, a run-out condition was assumed at the 
previous load level and the cycle count was returned to zero. A fatigue test result for 
a crack was taken to be the number of cycles that would increase the girder 
deflection by 0.2 mm. The stress range varied between 78 MPA and 120 MPA (11.3 
and 17.4 ksi). 
Fatigue cracking was observed to occur at or near rivet holes in both the rolled 
girders with coverplates and the riveted plate girders. In the riveted lattice-girders, 
cracks formed also in the rivets and diagonal elements. When cracks appeared, the 
girders were retrofitted to permit cracking to occur elsewhere along the beam. All 
data except those where failure was due to cracking in the diagonal members of the 
lattice girders or the rivet itself were used in generating the proposed SN curve. 
Data from two other tests were also utilized but the origin of one of them is 
unknown and the other by Cheesewright [9] could not be located so neither are 
described here. 
3.3 Proposed Fatigue Curve 
One hundred and six data points were selected to generate the fatigue curve 
for riveted members. Because of this limited n~ber of test results, the data 
pertaining to both first crack appearance and component failure are included. Using 
these points a regression analysis was conducted utilizing the least squares method. 
The data and ;resulting curves were then plotted on a log-log graph with the stress 
range as the ordinate and the number of cycles at failure or initial detection as the 
abscissa. The plot is shown in Figure 3-9. Tables 3-1, 3-2 and 3-3 contain all the 
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selected experimental results according to their alphanumeric abbreviation. To 
verify the regression analysis results, a Fortran program was written by the author. 
The equation of the regression line can be written in the following form 
logSr = (1/B)logA - (1/B)logN (3.1) 
where B is the reciprocal of the slope of the regression line and logA is the 
unfactored y-intercept of the regression line. From the analysis, the value of B was 
determined to be 4.59 with the standard error of its reciprocal being 0.0134. The 
value of logA was 11.6 with the standard error of logAIB being 0.0839. 
The dashed lines both above and below the regre~sion line are the 95 percent 
confidence limits for 5 and 95 percent survival, respectively. Most of the used test 
results fall within this confidence band except for three points which fall below the 
lower bound. Two of these points, as indicated in Figure 3-10, correspond to data 
obtained from Wang, Fisher and Yen and one is from Cheesewright's experimental 
work. One of the two points from Wang et al., came from a girder that was fatigue 
tested after both bottom flange angles had cracked during a static test and the other 
came from a girder that was significantly corroded causing the girder to crack at the 
corrosion reduced sections as well as at the web-flange angle connection with 
continuous coverplate. These factors were responsible for their low N values. 
Because of the unavailability of Cheesewright's publication, an explanation for his 
data could not be verified. 
A visual inspection of Figure 3-10 also reveals that because of the relatively 
high stress ranges at which_ the studies were conducted, the majority of the test data 
congregate in ~region of the curve below 2 million cycles. On the other extreme, 
only a few data points exist beyond 10 million cycles, representing mainly the 
27 
,. 
, 
findings of Out et al., whose primary objective as mentioned earlier was to produce 
values for this high cycle region. Also note that no fatigue limit is indicated. With 
only limited results available, it is considered that there are insufficient data to 
establish a fatigue limit. 
From the three curves generated through the regression analysis, the most 
significant curve is the lower 95 percent confidence limit. This curve represents the 
lower bound estimate of the fatigue strength of riveted members. It is plotted in 
Figure 3-11 together with the riveted member fatigue data and the category C and D 
curves from the AASHTO specifications. A comparison of the curves shows that 
there is a very influential variation in slope steepness between the curves which will 
significantly affect any fatigue strength evaluation. When the stress range cycle is 
under 2 million, the curve for riveted members gives fatigue strength values lower 
than that by category D but when the number of stress cycles exceed 2 million, the 
curve for riveted members gives higher fatigue strength values. In the extended 
region of the fatigue strength curves, the fatigue strength values of the riveted 
members even exceed category C. 
Therefore, by isolating the fatigue data taken from tests on riveted members, 
a lower bound fatigue curve could be developed which cannot be accurately 
represented by the present category C or D curves. The reciprocal of the slope of the 
SN curve for the riveted beams is 4.6. This is extremely significant especially in the 
low stress high cycle region of the curves where most of the existing riveted bridge 
members would fall. This new SN curve should be utilized for the fatigue life 
evaluation of riveted bridge :members. 
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Chapter4 
An Evaluation of the Effect of Friction 
on Stress Concentration 
4.1 General Overview 
Recent and past experimental studies have indicated that the frictional 
resistance that develops between components as a result of the clamping forces and 
corrosion build-up, is a major contributing factor to the redundant nature of riveted 
members, their assumed slow crack growth rate and as a result, their fatigue 
strength. However, the correlation between friction and the fatigue characteristics 
of riveted members has been difficult to consider analytically, primarily because 
both the magnitude of the frictional force and the distribution of the force along and 
around a crack is unknown. 
.. 
Seong [27], for instance, developed an analytical method for estimating the 
fatigue strength of riveted truss members and joints, but because the consideration 
of the clamping force and its effects would have involved the development of a three 
dimensional model and demanded tremendous amount of computer time, he could 
only use a two dimensional model of a plate with a hole and edge crack and with 
bearing pressure on the edge of the rivet hole to simulate bearing joints. No 
clamping force or friction was included and so the model yielded lower bound values . 
..t 
A comparison between his analytical results and experimental results showed, that 
if the clamping force and the influence of the frictional resistance, plus other 
conditions such as fatigue crack initiation considerations and crack growth 
characteristics had been included, there would most likely have been a closer 
correlation between computed values and fatigue strength data. 
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Out et al. [23], on the other hand, considered the effect of the frictional 
resistance, by assuming that the forces that are transfered by friction when a flange 
angle cracks, vary along the crack length and cause the bond between the webplate 
and vertical leg of the bottom flange angle of a girder to break, creating an unbonded 
area of some 11nknown shape. For the model, the unbonded area around the crack 
consisted of two individual layers, one cracked and one continuous, which became 
one common layer in the bonded region. It was assumed that the shear transfer 
occured without deformation and plane sections remained plane, so that the bonded 
areas of the cracked angle and uncracked sections were strained equally and could 
be modelled as one plane of elements. The results of the analysis allowed the 
prediction and characterization of the stress intensity factor as a function of crack 
length and to conclude that the presence of the frictional bond between section 
components reduces the crack growth rate of the crack in the outstanding angle leg. 
In this chapter the relationship between friction and the stress concentrations 
at a rivet hole containing an edge crack, was investigated. The intention was to 
address the notion that friction is responsible for retarding crack growth at a rivet 
hole and as a result the fatigue strength of riveted members. By assuming a 
magnitude and distribution of the frictional force, a quantitative evaluation was 
made. 
In order to accomplish this evaluation, a section of a plate containing a single 
rivet hole was generated using finite elements and then analyzed for two loading 
conditions, axial tension plus surface friction and axial tension only. The mesh was 
then modified to permit the inclusion of an edge crack which was varied in length. 
Whenever the length was changed, the model :was run. for each loading case. The 
stress at the edge of the rivet hole, the stress at the crack tip and the computed 
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stress-concentration factors for each of the crack length and loading combinations 
were then evaluated. 
The following sections of this chapter provide a detailed description of the 
finite element model used for the analysis, an explanation of the loads and their 
idealization and a summary and evaluation of the results. 
4.2 Description of the Finite Elentent Model of a Cracked 
Riveted Detail 
The finite element model that was used in this analysis is a section of a 
bottom flange coverplate of a reinforced riveted built-up girder whose dimensions 
were taken from the Sante Fe Railroad girders tested by Wang et al. [30]. The 
original girders have a 14 inch wide and 0.5 inch thick coverplate that traverses the 
length of the beam and is fastened to the two bottom flange angles by a series of 1 
inch diameter rivets arranged in Q staggered pattern with a 6 inch longitudinal 
spacing. For the model, only a 7" wide by 18" long section with one central 1 inch 
diameter rivet hole was used. A schematic of the modelled girder is shown in Figure 
4-1. 
To facilitate the development of the model, the coverplate section was 
generated in three 7 x 6 inch segments which were combined together afterward. 
The discretization of the model is shown in Figure 4-2. Nodes were numbered in the 
transverse direction starting in the lower left-hand corner of the plate, proceeding 
radially around the rivet hole and then again transversely, in the periphery of the 
circular zone and in the end segment. The elements were created and numbered in 
the same sequence as the nodes. Both of the outer segments of the model were 
generated as a unit, while the central segment had the four quadrants of its circular 
" .. 1 
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region defmed and numbered first with the outer adjacent elements added afte, ward 
by hand. The model required 573 nodes and 516 2-D plane stress elements. 
All nodes in the model had their rotational degrees of freedom and their x-
translational degree of freedom suppressed with additional restraints imposed at the 
three support locations. For the support nodes at the shorter edge of the plate that 
contained the origin, translation in only the Z direction was permitted. At the origin 
itself, the plate was fixed inhibiting any type of nodal displacement, while the far 
corner node was allowed to translate in the Y direction only. This support 
arrangement permitted the plate to def orn1 freely in both the Y and Z directions and 
provided reaction values that could be used to check if equilibrium was satisfied. 
The location of the supports and their degrees of freedom are identified with the 
letter B, C or Din Figure 4-2. 
In order to introduce a crack at the rivet hole a second set of nodes was added 
0.002 inches away from the existing nodes along the expected crack line, A 'B', as 
shown in Figure 4-2. When no crack was present, only one set of nodes in the pair 
was used. The other set was ignored by suppressing their nodal degrees of freedom. 
To create a crack, only those nodes that were needed to produce the second edge of 
. 
the crack were incorporated into the mesh and their nodal releases modified to 
match the active nodes. Figure 4-3 illustrates this concept for a 1/4 inch crack. 
With this modelling technique, the crack length could be easily modified. 
When developing the finite element model, the intention was to produce a 
simple idealization of the plate section without sacraficing the accuracy and 
usefulness of the results. To accomplish this, several characteristics of the Sante Fe 
girders were modified. These alterations plus additional assumptions are listed and 
explained below. 
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1. The staggered rivet pattern was changed to a single line of rivets 
placed at the center of each bottom flange angle. This way only one 
rivet hole had to be modelled to take advantage of symmetry. 
2. The bottom flange angles completely covered the coverplat.e, i.e. the 
width of the coverplate was equal to or less than that of the angles. 
The frictional force could therefore be applied on the entire surface 
area of the plat.e. 
3. The neighboring rivet holes were omitted from the model because it 
was assumed that they did not influence the stresses developed at the 
edge of the modelled rivet hole or at the crack tip. The eighteen inch 
long model is to assure that the model supports and the applied tensile 
load would not affect the stresses at the rivet hole. 
4. All cracks were considered to have propagated through the thickness of 
the plate such that the length of the crack on the exterior surface of the 
plate was identical to the length on the faying surface. In actuality, 
cracks would most likely start on the exterior surface at the rivet hole 
edge where damage from punching or drilling would be most severe 
and then propagate both along the surf ace and through the depth at a 
rate proportional to the stress gradient through the thickness of the 
plate. The higher the gradient the slower the rate of crack growth in 
the depth direction. As a result, the surf ace crack length would tend to 
be longer than that on the faying surface [6]. The assumption made 
here, then, is a critical case which will produce conservative results. 
5. The crack path was assumed to be known, that is a straight line 
starting from the edge of the rivet hole perpendicular to the applied 
stress and extending toward the outside edge of the plate as observed 
in experimental· studies. 
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6. The modulus of elasticity was assumed to be 30 x 106 psi and Poisson's 
ratio was assumed to be 0.3. 
4.3 Loads 
Two types of loading cases were considered in the analysis of the plate 
segment, a pure tensile load and a tension plus friction load. For the former, a 
uniformly distributed tensile stress was applied on the unsupported end of the plate 
and converted to a set of nodal forces using the cross sectional area of each edge 
element. The tensile stress is ass11med to be constant throughout its thickness. 
For the case when friction is included, the plate segment was assumed to 
represent a coverplate located in the region of a plate girder that is subjected to both 
shear and moment. Under transverse loads a longitudinal shear force develops 
between the bottom flange angle and the coverplate which, as a result of the rivet 
clamping forces, is opposed by tiie friction on the faying surface. In the model then, 
the friction is idealized as a shear force acting on the surface of the plate and in the 
opposite direction as the applied tensile load. To simulate the frictional resistance, a 
surface stress was converted to nodal forces by distributing the load in proportion to 
the element area. The model, for this reason, was discretized into basic geometrical 
shapes, i.e. rectangles, squares, triangles and trapezoids, so that each element's area 
and centroid location could be easily calculated. With these two parameters, 
element area and centroid location, the value of the force exerted on the element 
could be determined and then distributed to the nodes of that element. The 
elements that have curved sides and are located in the periphery of the circular 
region were treated as trapezoids to simplify the hand calculations. Sample 
calculations are shown in Appendix B. Because the model was symmetric, the loads 
about the transverse centerline of the plate are mirror images of each other. The 
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values of the loads are shown in Figure 4-4 and Figure 4-5. All nodal forces were 
input via a Fortran program written by the author . 
• 
When a crack was introduced at the edge of the rivet hole, each node in an 
active pair received half of the force assigned to the original node. This way, the 
overall surf ace friction remained unchanged. The direction of the friction force was 
also assumed to be constant, i.e. opposing the tensile force, even along the crack 
length. 
Friction to tensile force ratios of about 5:6 and 5:9 were used in the model. 
The surface stress was 4 psi and the tensile stresses were 175 psi and 257 psi 
respectively. Arbitrary stress values were selected since the linear elastic analysis 
allows a modification by merely multiplying by a factor if higher friction and tensile 
stresses in the same f atio were desired. Also since stress-concentration factors are 
based upon stress ratios, the actual value of the stress is immaterial. 
4.4 Analysis Results 
The application of the different loading cases to the finjte element model of the 
plate segment described previously permitted an evaluation of the jnfluence the 
fricti®al forces on the stress- concentration factors at critical locations around the 
rivet hole. 
Initially the model was tested as a plate in pure tension without a crack or a 
frictional load in order to permit a verification of the model. A 175 psi and a 257 psi 
tensile stress were applied consecutively to the plate. A 1/8 inch crack was then 
introduced at the edge of the rivet hole and increased respectively to 1/4 of an inch 
and 1/2 of an inch. The average Y stress component at each node along a cross 
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section perpendicular to the applied stress and through the center of the rivet hole 
are shown in Figure 4-6 and Figure 4-7 for eight cases. These values established, for 
comparison purposes, the basic stress distributions along the cross section being 
analyzed. The peak values from left to right correspond respectively to the stress at 
the noncracked rivet hole edge and either the stress at the rivet hole edge when no 
crack was present, or the stress at the crack tip. 
The corresponding values for the loading cases that included a frictional force 
are shown in Figure 4-8 and Figure 4-9. Each curve represents one of the four crack 
conditions being analyzed. All stresses are in the same direction and location as 
those indicated in Figure 4-6 and Figure 4-7. 
An analysis of the graphs representing each of the loading cases resulted in 
\ 
the following observations~ 
...... ,., ..... ,,.~ .. ._ .. 
1. The presence of friction did not alter the stress distribution in the plate 
as shown by the similarity of the curves. In all cases the stress 
increased parabolically approaching the rivet hole and culminated at 
the crack tip and opposite rivet hole edge. Near the sides of the plate, 
the stresses remained about the same for all the crack conditions of a 
particular loading case. The magnitude of these stresses, for the two 
loading cases without friction, were approximately equal to the applied 
tensile stress. When friction was added, lower stress values were 
obtained. 
2. Friction decreased the magnitude of the stresses both at the uncracked 
rivet hole edge and at the crack tip by a a factor of 1.69 or by 
.. 
approximately 41 % when the friction to tensile fqrce ratio was 5:6 and 
• -.~~,.., - ...... - .,..,--:,. •• • .... .:..., ¥ ·,.·.:c:· ·~· ,• ... -.·. ' . 
by a factor of 1.39 or about 28% when the ratio was 5:9. These factors 
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were 11nif orm along the considered cross section and were identical for 
all four crack conditions. The two peak stresses for all cases are 
recorded in Table 4-1 and Table 4-2. 
3. When no crack was present, the stress on both sides of the rivet hole 
were identical. After a crack was initiated, the stress at the crack tip 
increased, exceeding the stress at the opposite side of the rivet hole. 
When the length of the crack was 1/2 of an inch, however, the larger 
stress value was at the uncracked rivet hole edge rather than at the 
crack tip because of the size of the plate. 
The above observations indicated that the addition of a frictional force 
significantly reduced the stresses in the plate in a consistent manner. The extent of 
the decrease was a function of the friction to tensile force ratio; the larger the ratio, 
the larger the stress reduction. 
The observations also substantiate an experimentally observed fatigue 
cracking phenomenon [3, 23, 30]. When a crack develops at the edge of a rivet hole, 
the crack tip has the highest stress concentration. As the crack length grows, the 
stress increases until the crack length is such that its proximity to the edge of the 
plate appears to cause the stress to redistribute itself around the hole, creating a'-
stress increase on the directly opposite side of the hole and a stress decrease at the 
crack tip. The higher stress at the uncracked edge eventually causes a crack to 
initiate there as well and crack propagation will be in two directions. 
Utilizing the computed stresses at the cracked edge of the rivet hole and at the 
crack tip as amax values and the 175 psi or 257 psi tensile stress as anom values, 
stress-concentration factors were calculated using the relationship 
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CJmax k,=--
(Jnom 
,., 
(4.1) 
These stress concentration factors account for the local elevations in stress at 
both a geometrical discontinuity and at the tip of a crack when a tensile stress is 
applied to a plate. 
The k.i values for each loading case were plotted versus crack length producing 
the four curves shown in Figure 4-10. For the cases of pure tension loading, 
regardless of the intensity of the applied load, the stress concentration factors are 
depicted by the upper curve. When friction is included, the k.i values decrease from 
those of pure tension loading by the same factors regardless of crack length. The 
values are 3.07/1.81= 3.27/1.94= 1.69 for the 5:6 force ratio and 3.07/2.21= 3.27/2.34= 
1.39 for the 5:9 force ratio. For all load cases, the k.i values increase with crack 
length. 
Note that Figure 4-10 provides stress concentration factors for crack length 
less than or equal to 1/4 of an inch in the model for the loading cases that were 
analyzed. Cracks exceeding 1/4 of an inch were not included because of the 
reduction in stress concentration at the crack tip of the 1/2 inch long crack. The 
lower stress indicated that a redistribution of stresses existed when the crack was 
more than 1/4 of an inch. 
To verify that the values obtained by the model were reasonable and 
acceptable, the stress-concentration factor for the "no crack, no friction" cases were 
compared to the corresponding value for an infinite plate. The model gives a stress 
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concentration value of 3.07, which is slightly higher than 3.0, the value for a hole in 
an infinite plate. The results are definitely acceptable. 
' ' In Figure 4-11 an approximate upper bound stress-concentration factor is 
plotted versus the friction to tensile ratio. These upper bound factors were obtained 
by approximating an upper limit for the "no friction" cases and dividing them by 
1.69 and 1.39 to obtain values for the loading cases with 5:6 and 5:9 force ratios 
·· respectively. These limits correlated well with the curves in Figure 4-10 . 
• 
The curve in Figure 4-11 illustrates that the~ values decrease linearly from 
about 3.3 to 1.95 for a force ratio between O and 0.833, which is 5:6. With this graph 
the stress-concentration factor for the tip of a rivet hole edge crack for other friction 
to tensile ratios between O and 5:6 can be interpolated. 
The results of this study demonstrated the positive effect Qf friction has on 
stress concentrations and reconfirn1ed the importance of considering frictional 
effects when analyzing riveted components. The analysis showed that friction 
decreases the magnitude of the stresses in the vicinity of the crack tip and the rivet 
hole by an amount proportional to the friction to tensile force ratio. This produces 
lower stress-concentration factors which in turn reduce the propagation rate of 
existing cracks. As a result, the fatigue strength of riveted components would 
• 
mcrease. 
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Chapter 5 
Estimate of Fatigue Life of Riveted Bridge 
Members 
5.1 Linear Elastic Fracture Mechanics Approach 
The fatigue life of a structural component can be divided into three stages: 
one, fatigue-crack initiation; two, subcritical or steady fatigue-crack propagation, 
and; three, rapid crack growth and fracture. The sum of the n1.1mber of cycles 
required to initiate a crack (Ni) and to propagate it (Ng) to a length at which fracture 
and subsequent component failure occurs, defmes the fatigue life [6]. 
Nr=N-+N l g (5.1) 
The crack initiation life is difficult to quantify for any structural detail since 
,, 
most have initial defects or flaws. AB a result, for civil engineering applications, the 
initiation stage is either ignored in fatigue life evaluation or its value is 
approximated [27]. Fatigue crack propagation, on the other hand, can be observed 
and the rate of propagation monitored, permitting the propagation life to be more 
easily determined. In riveted members, crack initiation predominantly occurs at the 
edge of a rivet hole and not until the crack has propagated beyond the rivet head can 
1 it be detected. This condition makes the monitoring of crack growth more difficult 
for riveted members. 
Assuming that the crack initiation life can be ignored, the life of a riveted 
component would be governed by the rate of subcritical crack growth and NT= Ng. 
A fracture mechanics technique could then be used to obtain analytically a lower 
bound estimate of the fatigue life. 
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The, most common approach utilizes linear elastic fracture mechanics. This 
method is based on an analytical procedure that relates the stress field magnitude 
and distribution in the vicinity of a crack tip to the nominal stress, the size, shape 
and orientation of the crack and the material properties [6]. It involves the 
evaluation of a crack growth equation developed by Paris around 1960 that 
correlates the stress intensity factor range {Af\:) with the crack growth rate 
. (da/dN) [6]. The equation is: 
da/dN = C (M()11 
.. 
(5.2) 
where a is the crack length, N is the number of stress cycles, and C and n are 
material constants. This equation can be solved for N, the crack propagation life, by 
integrating the reciprocal of the expression from an initial to a final crack size. 
N =Jal 1 da 
g a.C(M()11 
I 
(5.3) 
The major parameter of Paris's power law equation is Af\: which describes the 
change in the stress field just ahead of a sharp crack as the crack grows from a given 
length to another. A key aspect of Af\: is that it relates the local stress field at a 
crack tip with the nominal stress applied to the member away from the crack thus 
incorporating both geometrical terms and the stress levels. The basic Af\: 
relationship is 
!iK = f(g)~crJ1ta (5.4) 
where ~a is the nominal stress range and ftg) is a correction function against 
member geometry, crack shape and stress gradient [6, 18]. 
The range of the stress intensity factor can be expressed in a more general 
form than Eq. 5.4 by subdividing the correction factor into four components. 
" 
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(S.5) 
where Fe corrects for crack front shape, F 8 corrects for free surface conditions, 
F w corrects for finite width of a plate, and F g adjusts for the stress concentration 
caused by the detail geometry [14]. For the fatigue life evaluation of riveted 
members a value of unity was assigned to each correction factor except for F g which 
was set equal to the stress-concentration factor. 
While there are explicit expressions for the function f(g), its value for the 
model analyzed in the previous chapter can be assumed to be equal to~ [6]. Thus 
M<1 = k~O"l1ta (5.6) 
This expression actually applys to an infinite-width plate with a crack 
emanating from the edge of a circular hole and subjected to Mode I deformation, 
where the fracture surfaces displace perpendicular to each other but in opposite 
directions. 
Substituting the above stress intensity factor expression into Eq. 5.3 one 
obtains 
(5.7) 
If the integral term is represented by P [27] and the equation is expressed in 
logarithmaric form. The relationship between the stress range and number of stress v . 
cycles takes the form 
log Ng= log (P/C) - n log (~a) (5.8) 
This equation is used to determine the fatigue strength of a riveted structural 
component. 42 
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5.2 Definition of Ter111s 
To evaluate Eq. 5. 7 so that the fatigue life of riveted members can be 
deternained for a given value of applied str~ss range, C, n, lti, ~a, Rj and 8r have to be 
defined. A brief explanation of each of these variables is given below along with the 
quantitative values that were used. 
The constant C : 
C is obtained from the slope of a da/dN versus L\K curve for a particular type of 
material. The C value that was utilized for the fatigue life evaluations was 3.6 x 
10-1° in1112; kip3 cycle which is a conservative upper bound value for structural 
details made of ferrite-pearlite steel [6]. This choice is valid if it is assumed that the 
fatigue crack growth behavior of riveted built-up structural steel details differs from 
that of welded and plain steel details because of friction only. 
The constant n : 
The value of n represents the slope of the fatigue strength curve for a 
particular detail and material. The value of 3.0 is used for all welded and plain steel 
details. For riveted steel members, n = 4.6 is a more appropriate value as it has 
been discussed in Chapter 3. 
Stress Concentration Factor : 
The values of lei were obtained from Figure 4-10-. Since the change of lei with 
respect to crack length is relatively small, it was ,assumed that the stress 
concentration factor between two considered crack lengths was constant. The ki 
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value of the smaller crack length in the integration interval was used. This is 
depicted in Figure 5-1. In addition, a constant stress range value of 8 ksi was 
chosen. 
Integral Limits ai and a, : 
The crack propagation life is the sum of incremental fatigue crack growth from 
the initial flaw or crack size ai to the fmal size Rr· The limits of these integrals were 
based on the crack lengths considered in the finite element analysis conducted 
previously. They were the following: 0.001, 0.002, or 0.005 inches to 1/64 of an inch, 
1/64 of an inch to 1/8 of an inch, and l/8 of an inch to 1/4 of an inch. 
The three initial crack sizes, 0.001, 0.002 and 0.005 are estimates of initial 
flaw or crack sizes, which have been detected in bridge members. A crack length of 
1/64 of an inch was chosen to keep the range of the limits within a factor of ten. 
Substituting the numerical values of the variables cited above into Eq. 5. 7 
gave the following: 
N=-----I Jal da 
3.6x10-IO (8)4·6 a,. [k1 ~1ta]4.6 
(5.9) 
5.3 Fatigue Life Estim.ates 
Utilizing the above integral expression, the effects of friction and initial flaw 
size on the fatigue life of riveted bridge members were examined. 
To examine the frictional effects, Eq. 5.9 was evaluated for each of the load 
cases considered in Chapter 4. Table 5-1 lists, for each case, the integral limits, the 
stress concentration factors and the number of stress cycles required to propagate a 
44 
I 
crack between the integral limits. The stress concentration factors correspond to the 
values in Figure 5-1. 
Three integrations were performed for each load case. The stress cycles 
produced by the integrations were then added together and the sum, which 
corresponds to the fatigue life, was plotted as points as shown in Figure 5-2. Each 
point represents the fatigue life of a riveted member for the chosen applied stress 
range of 8 ksi. A line with a slope of (- 4.6) was drawn through each point to obtain 
the estimated fatigue strength curves. 
An examination of the curves indicate that there is an appreciable difference 
between the cases that include friction and those that exclude friction. A 
comparison between the two shows that 
1. A higher friction to tensile force ratio causes an increase in the fatigue 
life, and; 
2. At the region of low stress range, the increase of fatigue life is quite 
significant. At a stress range of 4 ksi, the estimated fatigue life with a 
friction to tension ratio of 5:6 = 0.833 is about 11 times that with no 
friction. 
For the above analysis only one initial crack length, 0.001 inches, was 
assumed. However, a review of the results in Table 5-1 indicates that most of the 
life of a component is expended in the early stages of propagation when the crack is 
small as indicated by the large number of cycles obtained when the integral was 
evaluated from the initial crack length to 1/64 of an inch. The initial crack length 
therefore has a grea:trinfluE!nce on the fatigue life. For this reason, the initial crack 
or flaw size of Eq. 5.9 was varied from 0.001 inches to 0.002 and 0.005 inches 
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respectively and the equation reevaluated for the load case with a 5:6 friction to 
tensile force ratio. The numerical results are in Table 5-2. 
\ 
If these results are placed in a SN plot and through each point a line is drawn 
that has a slope of (-4.6), fatigue strength curves are approximated. These curves 
are shown in Figure 5-3. A comparison of these curves reveals that the smaller the 
initial crack length the longer the fatigue life. 
To detern1ine the appropriate curve that would best estimate the fatigue life of 
riveted members, the effects of both friction and initial crack length were considered. 
The fatigue life curve corresponding to the load case with the 5:6 force ratio and 
evaluated assuming an initial crack length of 0.001 in. was found to correlate the 
best. 
In Figure 5-4 this curve plus those where the initial crack length was 0.002 
and 0.005 inches are plotted together with the fatigue strength curve developed from 
test results of riveted members. It is observed from the graph that two of the 
estimated curves fall below the lower confidence limit of the fatigue strength curve 
for riveted members while the one evaluated with an initial crack length of 0.001 
inch almost coincides with the experimental curve. 
This close correlation demonstrates the following regarding riveted members: 
1. Friction on the faying surface of riveted member components greatly 
influences their fatigue life. The estimate obtained for the case when 
friction was omitted, as shown in Figure 5-2, was too low compared 
with the friction cases to be able to represent the fatigue strength of 
' 
riveted members; 
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2. High friction to tensile force ratios of 0.83 or more, may have been 
present in the tested specimens, and; 
3. An initial flaw size or crack length of 0.001 inch or less at rivet holes 
may be a good approximation for evaluating fatigue life of riveted 
details. 
It should be emphasized that the estimated fatigue strength curve for riveted 
members deterniined here is only a lower bound. This line represents the fatigue 
crack propagation life of a riveted member ~th a rivet hole edge crack growing from 
a minimum of 0.001 inch to 1/4 of an inch. The data used to generate the fatigue 
strength curve for riveted members, on the other hand, correspond to either first 
crack appearance or component failure where the crack length already exceeds 1/4 of 
an inch. The mean regression line is higher than the computed fatigue strength 
curve, and the lower confidence limit is in good agreement with the computed curve. 
If the crack initiation life can be estimated, it would increase the fatigue life values 
and shift the computed curve closer to the mean fatigue strength curve for riveted 
members. 
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Chapter& 
Conclusions and Recommendations 
The following represents the explanation and interpretation of the results of 
this research study, together with some suggestions as to the emphasis of additional 
future work in this area. 
6.1 Concl11sions 
1. Based on limited test results, the fatigue strength of riveted members 
can best be represented by a SN curve that has a slope with a 
reciprocal of 4.6, and an unfactored y intercept of n.6. This curve, 
which was developed using data taken only from tests on large-scale 
riveted bridge members, falls above the presently used category D 
fatigue strength curve after two million cycles, and in the extended 
region it falls even above the category C fatigue strength curve. This 
indicates that riveted members actually have a much higher fatigue 
strength than previously assumed. For this reason, the fatigue 
strength of riveted members can be evaluated using the newly 
I 
developed curve in order not to be overly conservative. 
2. The friction that develops between the faying surfaces of riveted 
components due to the clamping forces, has a major positive influence 
on the fatigue strength of riveted members. Its inclusion in the 
analyzed finite element model uniformly reduced the stresses in the 
proximity of the rivet hole and crack tip, by an amount proportional to 
the friction to tensile force ratio, thus producing lower stress 
concentration factors. With lower stress concentrations, the rate of 
crack propagation will decrease and the fatigue strength 'Of riveted 
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components will increase. Consequently, frictional effects should not be 
excluded from any analysis involving the fatigue strength evaluation of 
riveted components. Its omission would only produce results that 
inaccurately reflect the fatigue behavior of riveted members and hence 
reduce the significance and applicability of the results. 
3. The friction between the faying surfaces of riveted components can be 
represented quantitatively by a surface stress that is converted into 
nodal forces by calculating the load at the centroid of each element and 
distributing it to its respective nodes. Although the direction and 
magnitude of the friction force was not altered when a crack was 
introduced at the rivet hole, the modelling technique that was 
employed still provided reasonable results and permitted a reliable 
analysis of the effect of friction on fatigue strength of riveted members. 
4. Using linear elastic fracture mechanics, a lower bound estimate of the 
fatigue strength of riveted members can be readily obtained if friction 
and small crack lengths are considered in the evaluation. When a 
slope of (-4.6), a crack length of 0.001 inches, and the stress 
concentration factors for the load case with a 5:6 friction to tensile· force 
ratio were utilized, the estimated fatigue strength curve coincided with 
the lower confidence limit of the experimental fatigue strength curve 
from testing of riveted members. This result confirms both the 
importance of friction and its influence on the fatigue strength of 
riveted members while at the same time substantiates the need for 
having a fatigue strength curve exclusively for riveted members. 
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6.2 RecornJDendations 
1. More tests should be conducted on large-scale riveted members, 
particularly at stress ranges between 7 and 10 ksi which are the 
category D and C fatigue limits respectively. Such tests would not only 
increase the test data on riveted members but would also improve the 
position of the experimental fatigue strength curve and assist in the 
establishment of a fatigue limit for riveted members. 
2. A finite element model, like the one used in this study, should be 
analyzed assuming that friction forces change in direction and 
magnitude along and around the edges of a crack. In the foregoing 
analysis, the frictional resistance was constant in both magnitude and 
direction. It is reasonable to assume that when a crack develops at the 
edge of a rivet hole, and relative displacement takes place, the friction 
will act to oppose the opening of the crack and retard its growth. The 
magnitude and direction of friction will change. Incorporating this into 
the finite element analysis may produce a better estimate of stress 
concentration factors and, as a result, a closer fatigue strength 
estimate. 
50 
" 
[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 
References 
American Association of State Highway and Transportation Officials. 
Standard Specifications for Highway Bridges 
14th edition, 1989. 
American Railroad Engineers Association. 
Manual for Railroad Engineering. 
Steel Bridges, Chapter 15, 1983. 
Baker, KA. and Kulak, G. L. 
Fatigue of Riveted Connections. 
Canadian Journal of Civil Engineering 12:184-191, 1985. 
Baron, Frank and Larson, Edward W., Jr. 
Comparison of Bolted and Riveted Joints. 
Transactions of the American Society of Civil Engineers 120:1322-1334, 1955. 
Baron, Frank and Larson, Edward W., Jr. 
The Effect of Certain Rivet Patterns on the Fatigue and Static Strength of 
Joints. 
Technical Report, Dept. of Civil Engineering, Northwestern University, 
Evanston, IL, February, 1952. 
Barsom, John M. and Rolfe, Stanley T. 
Fracture and Fatigue Control in Structures, Applications of Fracture 
Mechanics. 
Prentice Hall, Inc., 1987. 
Bruhwiler, Eugen, Smith, Ian F. C. and Hirt, Manfred A. 
Fatigue and Fracture of Riveted Bridge Members. 
Technical Report 201, ICOM, November, 1988. 
Carter, J. W., Lenzen, K H. and Wyly, L. T. 
Fatigue in Riveted and Bolted Single Lap Joints. 
Transactions of the American Society of Civil Engineers 120:1353-1380, 1955. 
Cheesewright, P. R. 
Analysis of Fatigue Data from Riveted Wrought-Iron Girders Using the 
Method of Maximum Likelihood. 
Technical Report, Technical Memorandum TM FM 26, British Rail -
Research & Dev. Div., March, 1982. 
[10] De Jonge, A.E. Richard. 
Riveted Joints. 
American Society of Mechanical.Engineers, 29 West 39th St., New York 18, 
NY, 1945. 
[11] Industrial Fastener Institute. 
Fastener Data Book, Industrial Fastener Institute, Cleveland 5, Ohio, 1950. 
51 
,. 
[12] Fisher, John W. and Yen, Ben·T. 
Design, Structural Details, and Discontinuities in Steel. 
Proceedings of the ASCE Conference on Safety and Reliability of Metal 
Structures, 217-245, November, 1972. 
[13] Fisher, John W. 
Bridge Fatigue Guide 
AISC, 1977. 
[14] Fisher, John W., Yen, Ben T. and Frank, K. H. 
Minimizing Fatigue and Fracture in Steel Bridges. 
ASME Journal of Enffeneering Materials and Technology 102:20-25, Jan., 
1980. 
[15] Fisher, John W. 
Fatigue and Fracture in Steel Bridges - Case Studi,es. 
Wiley & Sons, Inc., 1984. 
[16] Graf, Otto. 
Versuche uber das Verhalten von genieteten und geschweissten Stossen in 
Tragern I30 aus St37 bei oftmals wiederholter Belastung. 
Der Stahlbau(a supplement to Die Bautechnick) 10(19/2):9-16, January, 1937. 
· [17] Haigh, B. P. and Robertson, T. S. 
Fatigue in Structural Steel Plates with Riveted or Welded Joints. 
Institution of Naval Architects - Transactions 81:84-131, 1939. 
[18] Hertzberg, Richard W. 
Deformation and Fracture Mechanics of Enffeneering Materials. 
John Wiley & Sons, Inc., 1989. 
[19] Keating, P. B. and Fisher, J. W. 
Evaluation of Fatigue Tests and Design Criteria on Welded Details. 
Technical Report, NCHRP Report 286, Sept., 1986. 
[20] Kom.merell,O. and Bierett, G. 
Uber die Statische Festigkeit und die Dauerfestigkeit Genieteter, 
Vorbelasteter und unter Vorlast durch Schweissung verstarkter 
Stabanschlusse. 
Der Stahlbau(supplement to Die Bautechnik) 7:91-95, June 8, 1934. 
[21] McCormac, Jack C. 
Structural Steel Design. 
Harper & Row, 1981. 
[22] Moses, F., Schilling, C. G. and Raju, K S. 
Fatigue Evaluation Procedures for Steel Bridges. 
Technical Report, NCHRP Report 299, Nov., 1987. 
- [23] Out, Johannes M. M., Fisher, John W. and Yen, Ben T. 
Fatigue Strength of Weathered and Deteriorated Riveted Members. 
Technical Report, Office of Research FHWA, October, 1984. 
52 
/ ( 
• 
(24] Perey, J. P. 
Comportement des acier en barres vis-a-vis du risque de rupture fragile. 
Laboratoire Regional, des Ponts et Chaussees de Nancy, France, 1987. 
(25] Rabemanantsoa, Hubert and Hirt, Manfred A. 
Comportement a la Fatigue de Profiles Lamines Avec Semelles de Renfort 
Rivetees. 
Technical Report 133, ICOM, September, 1984. 
[26] Reemsnyder, Harold S. 
Fatigue Life Extension of Riveted Connections. 
ASCE Journal of the Structural Division 101(ST12):2591-2607, December, 
1975. 
[27] Seong, Chun Kyung. 
Fatigue Resistance of Riveted Steel Truss Bridge Members and Joints. 
PhD Dissertation, Lehigh University, 1983. 
[28] Stewart, W. C. 
History of the Use of High-Strength Bolts. 
Transactions of the American Society of Civil Engi,neers 120:1296-1298, 1955. 
[29] Sweeney, R. A. P. and Elkholy, I. A. S. 
Estimated Fatigue Damage of the Assiniboine River Bridge in Nattress, 
Manitoba, Canada. 
Technical Report, Canadian National Railways, Montreal, Quebec, Canada, 
August, 1980. 
[30] Wang, D., Fisher, John W. and Yen, Ben T. 
Fatigue and Fracture Evaluation for Rating Riveted Bridges. 
Technical Report, NCHRP Report 302, December, 1987 . 
53 
-
"" 
Tables 
" 
54 ,, 
No. Name 
1 GRAF37 
2 GRAF37 
3 
"' 
GRAF37 
4 GRAF37 
5 S271W 
6 S271W 
7 S271W 
8 S271W 
9 S271W 
10 REE75 
11 REE75 
12 REE75 
13 REE75 
14 REE75 
15 REE75 
16 REE75 
17 REE75 
18 REE75 
19 REE75 
20 REE75 
21 REE75 
22 REE75 
23 REE75 
24 REE75 
25 REE75 
26 BRR82 
27 BRR82 
28 BRR82 
29 BRR82 
30 BRR82 
31 BRR82 
32 BRR82 
33 BRR82 
34 BRR82 
35 BRR82 
Stress Range 
ksi 
28.43 
21.32 
19.90 
19.90 
19.80 
16.10 
19.20 
18.70 
21.10 
22.70 
22.70 
22.70 
22.70 
18.10 
18.10 
18.10 
18.10 
18.10 
18.10 
18.10 
18.10 
18.10 
18.10 
18.10 
18.10 
13.50 
14.40 
12.20 
9.10 
9.10 
9.10 
12.30 
9.90 
9.90 
16.20 
No. of Load 
Cycles 
121400 
824600 
1080000 
1549000 
1879000 
733000 
1232000 
2170000 
209000 
249800 
324100 
176000 
174000 
815100 
778000 
593400 
520000 
332000 
450000 
522000 
489000 
575000 
629000 
1640000 
1410000 
986200 
603200 
1374000 
4000000 
6000000 
8000000 
1056000 
4000000 
2000000 
1000000 
Table 3-1: SN Cutve Data for Riveted Steel Bridge Members 
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No. Name 
36 BRR82 
37 BRR82 
38 BRR82 
39 RAHI84 
40 RAHI84 
41 RAHI84 
42 RAHI84 
43 RAHI84 
44 RAHI84 
45 RAHI84 
46 RAHI84 
47 RAHI84 
48 RAHI84 
49 RAHI84 
50 OUT84 
51 OUT84 
52 OUT84 
53 OUT84 
54 OUT84 
55 \ OUT84 
56 BAKU85 
57 BAKUSS 
58 BAKU85 
59 BAKU85 
60 BAKU85 
61 BAKU85 
62 BAKU85 
63 BAKUSS 
64 BAKU85 
65 BAKU85 
66 BAKU85 
67 WANG87 
68 WANG87 
69 WANG87 
70 WANG87 
71 WANG87 
stress Range 
20.20 
22.40 
24.10 
11.49 
13.18 
12.68 
13.18 
12.44 
11.55 
11.55 
11.55 
13.07 
12.04 
10.36 
10.10 
8.60 
8.15 
7.90 
9.80 
13.00 
26.90 
26.90 
26.90 
26.90 
26.90 
26.90 
23.70 
23.70 
23.70 
23.70 
23.70 
15.00 
15.00 
15.00 
12.00 
12.00 
No. of Load 
Cycles 
1000000 
1000000 
264000 
7266000 
1839000 
2338000 
3303000 
3585000 
4843000 
4915000 
6551000 
1754000 
3585000 
5015000 
18250000 
36500000 
39720000 
1.05E+08 
35800000 
3950000 
418500 
418500 
958300 
782300 
793600 
911800 
263100 
496300 
249100 
352800 
485200 
976000 
916000 
1237000 
1623000 
2838000 
Table 3-2: SN Curv~ Data for Riveted Steel Bridge Members 
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• 
No. Name 
72 JWANG87 
73 WANG87 
74 WANG87 
75 WANG87 
76 WANG87 
77 WANG87 
78 WANG87 
79 WANG87 
80 WANG87 
81 WANG87 
82 BSH88 
83 BSH88 
84 BSH88 
85 BSH88 
86 BSH88 
87 BSH88 
88 BSH88 
89 BSH88 
90 BSH88 
91 BSH88 
92 BSH88 
93 BSH88 
94 BSH88 
95 BSH88 
96 BSH88 
97 BSH88 
98 BSH88 
99 BSH88 
100 BSH88 
101 BSH88 
102 BSH88 
103 BSH88 
104 BSH88 
105 BSH88 
106 BSH88 
Stress Range 
12.00 
12.00 
18.00 
15.00 
12.00 
15.00 
12.00 
18.00 
12.00 
15.00 
11.5 
13.00 
12.50 
13.00 
12.30 
11.30 
11.30 
11.30 
8.70 
17.40 
17.40 
17.40 
17.40 
17.40 
13.00 
. 
13.00 
13.00 
8.70 
13.00 
7.30 
10.20 
7.30 
10.20 
14.50 
10.20 
No. of Load 
Cycles 
2728000 
3005000 
773000 
1316000 
415000 
511000 
657000 
827000 
3613000 
1563000 
7270000 
1840000 
2340000 
3300000 
3590000 
4840000 
4920000 
6550000 
7790000 
920000 
1200000 
720000 
900000 
970000 
3240000 
3040000 
6330000 
10000000 
1900000 
20000000 
10000000 
20000000 
10000000 
1320000 
10000000 
Table 3-3: SN Curve Data for Riveted Steel Bridge Members 
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~ I .J_ 
e 1 z. 
A ~CD £ 
-~---------------------------·- --- ---------
TE ST L---A SES 
NO CRACK 
NO FRICTION 
W/ FRICTION 
1/8'' CRACK 
NO FRICTION 
W/ FRICTION 
1/4 11 CRACK 
NO FRICTION 
W/ FRICTION 
1/2 II CRACK 
NO FRICTION 
W/FRICTION 
LOCATION OF -PEAK STRE-S5E5 (-p$t) 
A 
537.1 
316.6 
547.2 
322.5 
569.7 
335.9 
619.2 
365.3 
B 
537.1 
316.6 
C 
559.3 
331.2 
D 
571.7 
338.8 
Table 4-1: Peak Stresses due to 175 Tensile Stress and 5:6 Force 
Ratio 
. ' _. ..... 
E 
553.5 
328.0 
01 
(0 
• 
. .. ., 
I I I 
i ~ 2 
A SC O E 
TEST CASES LOC.ATtON OF --PEAK STRESSES ~~psi-) 
A 8 C D E 
NO CRACK 
NO FRICTION 788.8 788.8 
W/ FRICTION 568.2 568.2 
. 
1/8'' CRACK 
NO FRICTION 803.6 821.3 
W/ FRICTION 578.9 593.3 
. 
1/4'' CRACK I 
NO FRICTION 836.6 : 839.6 
W/ FRICTION 602.8 606.7 
1/2'' CRACK 
NO FRICTION 909.3 812.8 
W/ FRICTION 655.5 587.4 
Table 4-2: Peak Stresses due to 257 Tensile Stress and 5:9 Force 
Ratio 
• 
. ' . , 
0) 
0 
TEST INTEGRAL LIMITS AK NUMBER OF 
CASES a -l. (in) a.f(in) STRESS CYLCES 
NO FRICTION 
5:9 FORCE 
RATIO 
5:6 FORCE 
RATIO 
0.001 
0.015625 
0. 125 
0.001 
0.015625 
0. 1 .-, C" C.-' 
0.001 
0.015625 
0.125 
0.015625 3.07 477,3g5 
0. 125 3.08 13,576 
121 .-,c-
.cu 3.20 · 143 
TOTAL FATIGUE LIFE: 491, 114 
0.015625 - - 1 .-. 1&5, 37121 • • • • C. • C 
.::. ' 
0. 1 ·::. C" 
'-- '""' 
·=· ,::, ·=-
.__. '-- L. 57, 121 
0 .-,c-
. .::. -' 2.31 2,02<3 
TOTAL FATIGUE LIFE: 2,224,5c0 
0.015625 
0. 125 
0 •::,c:-• a;,;. -' 
1. 81 
1. 82 
1. 89 
c- 4·-,C" 1 ° 1 
-·, .::. ...... , J 
142,459 
5,106 
TOTAL FATIGUE LIFE: 5,572,756 
Table 5-1: Integral Values and Resulting Fatigue Lifes for All Loading 
Cases when the Initial Crack Length is 0.001 inches 
. 
J 
/ 
NO 
5:9 
5:6 
TEST 
CASES 
FRICTION 
FORCE RATIO 
FORCE RATIO 
\~/ 
CRACK LENGTH 
0.001 
491, 114 
2,224,520 
c- c-7·=· 7c-6 
~, ~ L.' ~ 
(\ 
/ 
0.002 
199,418 
91211,442 
.-, .-,c-7 876 
c:' c~ ' 
Cinches> 
0.005 
60,553 STRESS 
CYCLES 
271,579 
836,397 
j 
Table 5-2: Fatigue Life Values for Vai:ious Crack Length and All Loading 
Cases 
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Figure 1-1: Ex:istin2 Fatigue Design Curves. Ref. 19 
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Figure 1-2: Summary of Test Results for Riveted Members and Joints 
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Figure 3-1: Profile of Girder Test Specimens, Ref. 16 
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Figure 3-2: Ore Bridge and Top Chord Panel Point Connection. Fatigue 
specimen is indicated by solid lines; prototype, by dashed lines; 
and sites of fastener replacement, by lettered circles, Ref. 26 
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Figure 3-3: Typical Highway Bridge Truss Member, Ref. 3 
66 
• t 
9•-10• 
.11•-6• 
t 
L]•a5••JII 
or 
L3 112•a6•s~/I• 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I I 
.L.. 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
• 
' ,,~.,,,,. ' ,,2• 
'9 .. • . 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
Figure 3-4: Test Specimen Fabricated from Highway Bridge Truss Member, 
it;· 3 
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Figure 3-5: Stringers of the French Broad Ivy River Railroad Bridge, 
Ref. 23 
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Figure 3-6: Geometry and Profile of Girder Test Specimens, Ref. 25 
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Figure 3-7: Riveted Girders from a Santa Fe Railroad Bridge and two Highway 
Bridges, Ref. 30 
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Figure 3-8: Test Specimen Profiles and Geometrys, Ref. 7 
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Figure 3-9: Mean Fatigue Curve for Riveted Members 
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Figure 3-10: Mean Fatigue Curve for Riveted Members with 
Confidence Limits 
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Figure 3-11: Proposed Curve versus Category C & D Curves 
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Figure 4-1: Schematic of the Modelled Girder 
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Figure 4-2: Mesh of Coverplate Section 
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Figure 4-3: Modelling Technique used to create rivet hole edge crack 
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Figure 4-4: Nodal Friction Forces for End Sections of Model 
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Figure 4-5: Nodal Friction Forces for Rivet Hole Section of Model 
(( 
79 
• 
0 
II') 
I.I) 
• 
0 
0 
..0 
• 
0 
1/) 
If' 
. 
0 
0 
V") 
• 
0 
1/) 
~ 
• 
0 
0 
~ 
• 
>- 0 
>- V) 
J -, 
V, 
(/) 
LtJ 
~ . 
I- 0 
cf) 0 
,-, 
• 
0 
I/) 
(\I 
. 
0 
0 
'"\/ 
. 
0 
1/) 
.-
• 
0 
0 
-
• 
0 
LI') 
LEGEND 
-
·NO CRRC ~ 
t:,. 'Is· c.RACK 
+ '!~ • CR~ CK 
X 1/z,. CRACK 
+ 
(1 
• 
·-;--~----,.-----'P"'-----------------------, 0 o. l • ). 4, s. 
t)\STANC.E (IN.) 
Figure 4-6: Average Y Component Stresses along rivet hole section 
for different crack lengths. Plate subjected to a 175 psi 
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Figure 4-7: Average Y Component Stresses along rivet hole section 
for different crack lengths. Plate subjected to a 257 psi 
Tensile Stress 
81 
6. 
• 
0 
V') 
l/J 
• 
0 
0 
"' 
• 
0 
V') 
I/') 
• 
0 
0 
I/') 
• 
0 
l/') 
... 
• 
0 
0 
... 
• 
>- 0 
>- l/') 
. _..., 
CJ) 
(I) 
Lu 
a::: • 
.,_ 0 
(I) 0 ~ 
• 
0 
LI') 
N 
• 
0 
0 
-'."\.I 
• 
0 
V') 
.-
• 
0 
C 
Oti--------------' 
-
• 
0 
l/') 
LEGEND 
-
NO CRAC~ 
b,. 'Js• CRACK 
..... '/~ 
1 CR RC K 
X 1/2.• CRAC~ 
+ 
·-,-----~----~----~....-----------------, 0 o. 1 • 2. J. ~. s. 
01 STANC..E (If!J .) 
Figure 4-8: Average Y Component Stresses along rivet hole section 
for different crack lengths. Plate subjected to a 175 psi 
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ratio is 5:6 
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Figure 4-9: Average Y Component Stresses along rivet hole section 
for different crack lengths. Plate subjected to a 257 psi 
tensile and a 4 psi friction stress. Friction to tensile force 
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Figure 4-10: Stress-Concentration Factor vs. Crack Length for All 
Loading Cases · 
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Figure 5-1: Stress Concentration Factors for Fatigue Lire Evaluation 
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Figure 5-2: Fatigue Strength Curves for Different Friction to Tensile 
Force Ratios 
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Figure 5-3: Fatigue Strength Curves for Different Initial Crack Lengths 
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Figure 5-4: Comparison between Estimated and Experimental Fatigue Strength 
Curve for Riveted Members 
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Appendix A 
Format of Database Containing Test Data 
on Riveted 
Components 
Example: ( R efe.r to Ref. 30) 
NS70WI0.1S003.340+0.50031.62003.25001.300 1 2 I 2 2 -1 2 2 
ID N 
Where: 
ID = Identification 
S = Stress range 
r 
R 
N = Cycle! at failure (xl06) 
R = Stress ratio ( = s ••• fS.u) 
FY ~ Yield strength of material 
BR = Bearing ratio 
GL = Grip length 
BR GL NGTMRDHCCFHPTCSS 
NG = Nominal stress calculation (Net section/Gross section) 
TM = Type of material (Steel/Wrought iron) 
RD = Rolling direction (Parallel/Transverse) 
HC = Hole condition (Open hole/With rivet) 
CF = Clamping force (Reduced/Normal) 
HP = Method of hole preparation (Punched/Drilled) 
TC = Type of connection (Simple shear splice/Coverplate end Built-up girder) 
SS = Specimen state (Virgin material/Existing structure) 
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AppendixB 
Frictional Nodal Force Sample 
Calculations 
Friction Surface Stress= 4.0 psi 
Element 72: 
Area= 0.611 in2 
Centroid Location= 0.365 in (from 1-1) 
0.410 in (from 2-2) 
Force at Centroid= (4)(0.611) = 2.44 lb 
Force at X = 2.44(0.365/0.75) = 1.19 lb 
Force at O = 2.44 - 1.19 = 1.25 lb 
Force at Node 80 = 1.19(0.41/0. 75) = 0.65 lb 
Force at Node 79 = 1.19 - 0.65 = 0.54 lb 
Force at Node 130 = 1.25(0.41/0.88) = 0.58 lb 
Force at Node 129 = 1.25 - 0.58 = 0.67 lb 
Element 396: 
Area= 0.146 in2 
tJ.S4 
/J.41 
X - - - (), 3',S' 
0,1,S 
t),1,7 
0 
O,S'B 
Centroid Location= 0.112 in (from 1-1) 
0.438 in (from 2-2) 
Force at Centroid= 4(0.146) = 0.584 lb 
O,ZI ,.__ _ _..().14 
Length d = (0.3)(0.438)/0.73 = 0.18 in 
Length e = 0.18 - (0.112 - 0.1) = 0.168 in 
Length f = 0.112 + 0.168 = 0.28 in 
Force at O = 0.584(0.112/0.28) = 0.234 lb 
Force at X = 0.584 - 0.234 = 0.35 lb 
Length g =J(O. 73)2 + (0.3)2 '= 0. 79 in 
Length h =~0.438)2 + (0.18)2'= 0.47 in 
Force at Node 107 = 0.234(0.47/0.79) = 0.14 lb 
Force at Node 108 = 0.234 - 0.14 = 0.094 lb 
Force at Node 131 = 0.35(0.438/0.73) = 0.21 lb 
Force at Node 132 = 0.35 - 0.21 = 0.14 lb 
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o.3 
,, 
" 
Innermost Ring of Elements around Rivet Hole: 
Area = [f(0.625)2 -~0.5)2)] I 24.0 = 0.0184 in2 
Force at Centroid= (4)(0.0184) = 0.0736 lb 
Force at Nodes = 0.0736 / 4.0 = 0.0184 lb 
The applied frictional force on some node A equals the sum of the forces 
on node A from the elements surrounding it. 
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